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ABSTRACT  Cellular adhesion is fundamental to the behaviour of cell populations during embry-
onic development and serves to establish correct tissue pattern and architecture. The cadherin
superfamily of cell adhesion proteins regulates cellular organization and additionally influences
intracellular signalling cascades. Here we present for the first time a detailed account of chick Fat-
1 gene expression during embryogenesis visualised by whole-mount in situ hybridisation. In part,
we focus on the expression pattern in limb buds that has not been accurately documented. While
Fat-1 is generally expressed in epithelial tissues and its Drosophila counterpart Fat-like regulates
formation of ectodermally-derived organs, in limb buds we have found that chick Fat-1 is uniquely
restricted to mesenchyme. This Fat-1 expression pattern is remarkably dynamic throughout
tissue differentiation, limb maturation and pattern formation. Diffuse expression of Fat-1 begins
at stage HH17 as the limb bud is forming. It then becomes more proximal as the limb bud grows
and is expressed within both tendon and muscle progenitors in the dorsal and ventral subectodermal
mesenchyme. Later, Fat-1 transcripts were more abundant in anterior and posterior domains of
the limb bud. During hand plate formation, Fat-1 transcripts were expressed in the mesenchyme
adjacent to the wrist joint zone and in the interdigit mesenchyme.
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The cadherin superfamily consists of cell adhesion proteins
that are highly conserved, contain multiple modular extracellu-
lar repeat motifs and homodimerise in a calcium-dependent
manner (Tanoue and Takeichi, 2005). They constitute one of
the many superfamilies of related genes that encode proteins
that serve not only to tie cells together, but also to regulate
intracellular signalling cascades. The Fat cadherins represent
a distinct sub-group within the cadherin superfamily and are its
largest members, generally containing 34 extracellular cadherin
repeats, one or two laminin A-G motifs, 5 EGF domains and
cytoplasmic EVH-1 and PDZ binding sites, giving them a
molecular size of up to 600kDa (Tanoue and Takeichi, 2005).
The Drosophila tumour suppressor Fat  gene was discovered
as a lethal mutation causing hyperplastic growth and altered
cell-cell adhesion of larval imaginal discs, including those of the
wing and leg (Bryant et al., 1988, Jaiswal et al., 2006). Studies
have shown that Drosophila Fat genetically interacts with the
wingless (wg) planar cell polarity pathway and in the eye
contributes to dorsal-ventral patterning of ommatidia (Yang et
al., 2002, Fanto and McNeill, 2004, Jaiswal et al., 2006).
There are 4 vertebrate Fat genes that closely resemble
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Drosophila Fat (Tanoue and Takeichi, 2005). Recent analyses
have indicated however that Fat 1-3 are the true orthologues of
the second Fat gene to be identified in Drosophila, Fat-like
(Castillejo-Lopez et al., 2004, Rock et al., 2005, Tanoue and
Takeichi, 2005). Fat 1-3 and Fat-like all encode proteins that
contain a single laminin A-G motif, whereas the original Droso-
phila Fat  has two of these motifs. A phylogenic tree shows that
within this subfamily Fat-1 and Fat-3 are closely related to each
other, while Fat-2  is somewhat distinct (Tanoue and Takeichi,
2005). Fat-J  is related to the original Drosophila Fat gene and
is the most recently discovered fourth vertebrate ortholog
(Hong et al., 2004). Where Drosophila Fat is ubiquitously
expressed in some tissues, its ortholog Fat-J is restricted to
mesenchyme while Fat-1 is reciprocally expressed in epithe-
lium (Rock et al., 2005). Thus, even though Fat-1 has diverged
from Drosophila Fat, it seems to have taken over some of the
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functions from the corresponding Fat ortholog. In fact, verte-
brate Fat-1 is widely expressed in many epithelial tissues
(Tanoue and Takeichi, 2005) and is necessary for the develop-
ment of epithelial organs. For instance, deletion of Fat-1  in
mice resulted in perinatal fatality due to lack of glomerular slit
junction formation between the foot processes of podocytes in
the developing kidney (Ciani et al., 2003). At lower penetrance,
holoprosencephaly and anophthalmia resulted in Fat-1-/- mu-
tant embryos.
The expression of Fat-2 transcripts and of Fat-2 protein have
been detected within the cerebellum of rat embryos (Nakayama
et al., 2002). Similarly, Fat-3 is expressed in the rat spinal cord
and central nervous system (Mitsui et al., 2002). In mouse, Fat-
J is expressed in the neural tube, inner ear and intervertebral
discs (Rock et al., 2005). Of all these Fat genes, Fat-1 shows
the most complex and interesting expression pattern. However
there are no current reports on the expression of Fat-1 in chick
embryos. Furthermore, although the fact that Fat-1 expression
in the mouse limb has been mentioned, the details of the
expression pattern at different stages of development have not
been described (Cox et al., 2000). Therefore, we have analysed
chick Fat-1 expression throughout limb development and also
report its expression in other regions of the chick embryo.
the forelimb (not shown) and hindlimb (Fig. 1B). Epithelial
somites displayed a very weak expression in both stages (Fig.
1A, B). Fat-1 transcripts were evident around the optic vesicle
and lined the branchial arches (Fig. 1C, D, E). Persistent
expression was maintained within the otic vesicle (Fig. 1D, E,
G, Fig. 2H). We found Fat-1 transcripts expressed in the
neuroepithelium lining the metacoele and myelocoele of the
hindbrain and in the developing oesophagus (Fig. 1E, F, G).
During limb bud outgrowth, diffuse expression throughout
the limb persisted at stage HH18 (Fig. 1E), which then became
more proximal as development preceded through stage HH20
(Fig. 1F), HH21 (Fig. 1G) and HH24 (Fig. 1I, K). Cross section
of a stage HH23 limb bud showed that Fat-1 transcripts had
separated into two exclusive domains along the subectodermal
mesenchyme (Fig. 1J). The similarity of the limb Fat-1 pattern
in cross section to the expression of scleraxis, a marker of
tendons (Schweitzer et al., 2001), suggests that tendon pro-
genitors within the limb express Fat-1 cadherin. This region
additionally contains migrating muscle progenitors (Schweitzer
et al., 2001). The proximal restriction of Fat-1 in the early limb
bud correlates well with the fact that only proximal and interme-
diate tendons expressed Fat-1 transcripts at later stages of
development (Fig. 2A, B, C, D). Unlike scleraxis, Fat-1 expres-
Fig. 1. Expression of Fat-1 during early limb bud forma-
tion. (A) Fat-1 expression in a stage HH16 chicken em-
bryo. While expression is strong within the neural tube, it
was not yet detected in the forming forelimb bud. (B) At
HH17, Fat-1 is present in the hindlimb and robustly ex-
pressed in the nephritic primordium. Very weak expres-
sion was detected in epithelial somites. (C) Fat-1 tran-
scripts within the optic vesicle at HH18. (D) The epithe-
lium lining the otic vesicle and branchial arches expressed
Fat-1. (E) A ventral view of Fat-1 expression at stage HH18
in hindbrain, limb buds and oesophagus. (F) Limb bud
expression at stage HH20 is just starting to become
proximally restricted. (G) Transcription pattern in limb
buds at HH21 is now more proximal, especially in the
hindlimb bud. Fat-1 transcripts were detected within the
telencephalon of the developing forebrain. (H) A left-
handed view of a HH21 embryo showing the prominent
expression of Fat-1 in the presumptive gizzard. (I) Proxi-
mal Fat-1 expression in limb buds at HH24 and in lateral
telencephalic vesicles. (J) Transverse section of a HH23
forelimb bud showing Fat-1 transcripts segregated into
dorsal and ventral domains. These regions correspond to
tendon and muscle primordia. (K) Close up view of a stage
HH24 hindlimb showing the separation along the antero-
posterior axis in the limb, marked by asterisks. Anterior is
to the left, posterior the right. AER; apical ectodermal
ridge. ba; branchial arches. fl; forelimb bud. gz; gizzard. hl;
hindlimb bud. met; metencephalon. myl; myelencepha-
lon. np; nephritic primordium. nt; neural tube. oes; oe-
sophagus. op; optic vesicle. ot; otic vesicle. so; epithelial
somites. tel; telencephalon.
Beginning at stage HH16, Fat-1 transcripts
were expressed prominently in the neural tube,
but were absent from the emerging forelimb bud
(Fig. 1A). At HH16 and HH17, the nephritic pri-
mordium strongly expressed Fat-1 (Fig. 1A, B)
and a diffuse expression now became apparent in
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sion became stronger along the anterior and posterior edges of
the limb bud, but weaker in the core (Fig. 1K).
At HH27, Fat-1  transcripts are seen as a V-shape in devel-
oping tendons of the stylopod and zeugopod (Fig. 2A, B, C, D).
In contrast, the distal limb expression is not within tendons but
is associated with forming cartilage elements. Likewise, the rat
ortholog of Fat-1 is expressed in condensing cartilage in limbs
(Ponassi et al., 1999). We noticed a progressive maturation of
this distal Fat-1 expression pattern. As the forelimb developed,
it initially contained a distal crescent-shaped domain of expres-
sion (Fig. 2A, B), which later disappeared and was replaced by
two small areas at the joint interzones of the wrist-forming
region (Fig. 2C). Finally, at HH28 the forelimb contained two
long stripes of Fat-1 expression that extended along a narrow
region between forming digits (Fig. 2D, E).
In mice, Fat-1-/- mutant embryos have forebrain defects
(Ciani et al., 2003) and throughout embryonic development we
found prominent Fat-1 transcription in the proliferating neu-
roepithelium lining the lateral telencephalic vesicles (Fig. 1G, I,
Fig. 2G). Further Fat-1 expression was noticed in the perineal
area and anus (Fig. 2F). Lastly, we noted robust expression of
Fat-1 in the presumptive gizzard, positioned on the left side of
the body wall (Fig. 1H). Later, Fat-1 transcripts were still well
maintained in the gizzard proper (Fig. 2I).
Expression of Fat-1  transcripts in rat, mouse and zebrafish
are developmentally restricted to mainly epithelial tissues such
as the eye, kidney, lung, gut, branchial arches, dermomyotome
and neural tube and its Drosophila counterpart Fat-like regu-
lates the formation of tubular organs of ectodermal origin
(Ponassi et al., 1999, Cox et al., 2000, Castillejo-Lopez et al.,
2004, Down et al., 2005). In contrast to this well-reported
epithelial cell expression profile, mesenchymal cells within the
limb bud expressed Fat-1 (Fig. 1J). The limb bud therefore
represents a unique expression domain of the Fat-1 gene.
Fat-1 may have an important role in maintaining the separa-
tion of different cell lineages in limb bud mesenchyme, where
no anatomical boundaries exist (Yajima et al., 2002). Rather,
fixed expression domains of cadherins could group cell popu-
lations together through cellular adhesion to maintain the pat-
tern of the limb bud. For example, while Fat-1 is proximally
expressed (Fig. 1I, K), cadherin-11 transcripts are expressed
distally (Kimura et al., 1995).
In Drosophila, Fat has multiple roles in the regulation of the
conserved wg/wnt signalling pathway during wing development
(Jaiswal et al., 2006). It is known that wg/wnt expression in the
proximal Drosophila wing is regulated by a different mechanism
than that in the distal wing (Rodriguez Dd Ddel et al., 2002).
Somatic clones lacking Fat in proximal wing cells showed an
increase in wg/wnt expression (Cho and Irvine, 2004, Jaiswal et
al., 2006). Therefore, in the early chick limb bud the proximal
restriction of Fat-1 (Fig. 1I, K) could inhibit wnt  expression in
those cells. Indeed, wnt-5a transcripts are excluded from the
proximal limb bud cells at these stages (Loganathan et al.,
2005).
Conversely in the distal Drosophila wing, Fat-/- cells had no
difference in wg/wnt transcription but increased levels of cyto-
plasmic β-catenin/armadillo and therefore had higher levels of
wg/wnt signalling (Jaiswal et al., 2006). We could therefore
suppose that during digit formation in the chick distal limb, Fat-
1 may regulate wnt signalling, rather than wnt expression. In the
distal limb bud at these stages, the expression pattern of wnt-
4 is similar to the pattern of Fat-1 in the wrist (Fig. 2C)
Fig. 2. Expression of Fat-1 during late limb forma-
tion. (A) HH27 embryo showing Fat-1 expression in
fore- and hindlimbs. Note how the distal limb pattern
differs between forelimb and hindlimb buds. The fore-
limb has a crescent-shaped domain, whereas the
hindlimb contains a residual crescent domain overlap-
ping two stripes of expression that extend along the
interdigit mesenchyme. (B) Close up view of a stage
HH27 forelimb showing the crescent domain marked
by an asterisk. In the stylopod and zeugopod, Fat-1
transcripts are expressed by proximal and intermediate
tendon progenitors in a V-shape. (C) Close up view of a
HH27 forelimb showing the transition of expression
from crescent to two small marks, shown with aster-
isks. These marks delineate the interzone wrist-forming
joint (D) At HH28 the forelimb has matured to the same
stage as the hindlimb as both have extended stretches
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of expression along the interdigit mesenchyme, marked in the forelimb with
asterisks. (E) Close view of a stage HH28 forelimb bud that has been dissected
away from the trunk. Two asterisks mark the hand-plate Fat-1 expression. (F)
Expression of Fat-1 in the perineal area and anus of the chick embryo. (G) Fat-
1 transcripts in the neuroepithelium of the left and right telencephalic vesicles.
(H) Strong expression is seen in the developing otic vesicle. (I) Of the internal
organs, the gizzard expressed Fat-1. an; anus. du; duodenum. fl; forelimb bud.
gz; gizzard. hl; hindlimb bud. ht; heart. lv; liver. ot; otic vesicle. pn; perineum. tel;
telencephalon. ten; tendon primordia.
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(Loganathan et al., 2005). In addition, wnt-5a is expressed
along the interdigit mesenchyme and both of these signals
could be regulated by Fat-1 (Fig. 2D, E) (Loganathan et al.,
2005).
However it must be taken into account that during evolution,
the sequences encoding Drosophila Fat and its vertebrate
homologues have diverged significantly, with alterations in key
motifs such as the PDZ domain and in the arrangement of EGF
and laminin A-G repeats (Ponassi et al., 1999, Rock et al.,
2005). Thus, vertebrate Fat proteins may have acquired differ-
ent cellular functions to those employed in Drosophila. It would
be interesting to know how the properties conferred upon Fat
proteins by their various protein domains could further influ-
ence pattern formation and gene expression. The chicken limb
bud represents an ideal model system to test such properties
(Tickle, 2003).
Experimental Procedures
Fat-1 cadherin probe synthesis and in situ hybridisation
The Fat-1 cadherin cDNA used to produce a DIG-labelled probe was
obtained from the Chicken EST database, ChEST533a5 and sequence
verified (Boardman et al., 2002). Not1 and T3 enzymes were used to
linearize the plasmid and transcribe the RNA probe. In situ hybridisation
was performed as previously described (Smith et al., 2005), with a
small modification. For stages HH24-26 and HH27-28, embryos were
incubated with 10µg/ml and 15µg/ml respectively of Proteinase K at
room temperature for 20mins. Embryos were then post-fixed in 4% PFA
for a further 20mins.
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